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Abstract 
Soil pollution by heavy metals affects soil quality worldwide. Cadmium (Cd) is of special concern because it might transfer from 
soil to plants, especially under acidic conditions, causing toxicity. This work aimed to evaluate the LC50 (lethal concentration 
to 50% of studied population), NOEC (no observed effects concentration) and LOEC (lowest observed effects concentration), 
by measuring the germination and growth of eight plant species (Beta vulgaris, Daucus carota, Lactuca sativa, Phaseolus 
vulgaris; Avena strigosa, Oryza sativa, Triticum aestivum and Zea mays) in soil under increasing Cd concentrations (0, 10, 40, 
80, 160, and 320 mg kg-1) and two levels of acidity. Increasing the soil pH (from 4.1 to 6.4) by liming alleviated Cd toxicity 
and had a positive impact on seedling growth of all plant species studied. Germination was a less responsive endpoint and 
only the most sensitive species (L. sativa, B. and D. carota) were affected under the most acidic condition. These results were 
confirmed by the lower values found for LOEC and LC50 in these species regardless of the soil pH. Sensitive species are thus 
recommended as indicators of soil contamination in ecotoxicological studies, in which dicotyledonous species (e. g. L. sativa 
and B. vulgaris) are more suitable for risk assessments in Cd-contaminated soils at low concentrations, whilst monocotyledons 
(e. g. Z. mays) are more adequate for higher Cd concentrations (≥ 80 mg kg-1). Increasing soil pH by liming was demonstrated 
to be an efficient method in alleviating Cd toxicity in seedling growth.
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INTRODUCTION
Cadmium (Cd) is ranked seventh on the list published 
by the Agency for Toxic Substances and Disease Registry 
(ATSDR, 2015) of potentially toxic elements that are 
considered hazardous to the environment. Cadmium is highly 
toxic to humans and other living organisms even at low 
concentrations (Smolders & Mertens, 2013), and it is greatly 
mobile in soils, leaching into groundwater and contaminating 
aquifers (Lei et al., 2010). One of the main routes by which 
humans are exposed to Cd is the ingestion of plants grown in 
areas with high contents of this metal (ATSDR, 2008).
An efficient way to assess a contaminant risk in soil 
is by toxicity tests, which can provide a link between 
chemical monitoring (analysis) and empirical confirmation 
of toxic effects caused to biota by the studied element in 
the environment. Sensitive plant species can be useful 
bioindicators in ecotoxicity assessment of soils because they 
can respond quickly to toxic effects of pollutants in terrestrial 
ecosystems (Gorsuch et al., 1991). Thus, plant bioassays are 
considered useful and versatile tools not only for identifying 
pollutant effects in soils, but also for verifying the success of 
remediation processes for contaminated soils (Loureiro et al., 
2006). The endpoints assessed are usually seed germination 
and seedling growth (Munzuroglu & Geckil, 2002; Zayneb 
et al., 2015). Nevertheless, most studies have been based on 
soil solutions and there is still a need to carry out such assays 
directly in contaminated soils, to provide results closer to 
what is observed under field conditions (Guo et al., 2010). 
The impacts of soil contamination by metals on the 
environment are related not only to their total contents or 
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chemical forms but also and essentially to their bioavailability 
(Zhou et al., 2007), especially for Cd, which is affected 
primarily by soil pH (Alloway, 2013; Selim & Iskandar, 
1999). Differences in Cd bioavailability due to soil pH are, 
therefore, of great importance in ecotoxicological studies, 
because acidic soils pose a higher risk than other soils. 
Therefore, the present work aimed to evaluate the seed 
germination and initial seedling growth of eight plant species 
(four monocotyledons and four dicotyledons) in soils with 
increasing Cd concentrations at two pH levels (4.1 and 
6.4), as well as to determine ecotoxicity indexes to identify 
and recommend potentially sensitive species suitable for 
ecotoxicological risk assessment of Cd in soils.
MATERIALS AND METHODS
Plant bioassays were carried out in the laboratory 
(Agronomic Institute - IAC, Campinas – SP, Brazil) according 
to Pereira et al. (2009), which is similar to the soil plate 
bioassay (SPB) regarded as an effective method in determining 
ecotoxicological risks (Boluda et al., 2011). Eight plant species 
were selected as being sensitive to heavy metal toxicity, based 
on the previously mentioned lists of the OECD (2006) and the 
USEPA (1996). The selected species belong to two distinct 
groups: – dicotyledons [Lactuca sativa L. (lettuce), Daucus 
carota L. (carrot), Beta vulgaris L. (beet), and Phaseolus 
vulgaris L. (common bean)] and monocotyledons [Zea mays L. 
(maize), Triticum aestivum L. (wheat), Oryza sativa L. (rice), 
and Avena strigosa Schreb (oat)].
A sample of a non-contaminated Entisol (0-20 cm) was 
collected from a natural reserve area. The soil material was 
air dried, sieved (<4 mm), and homogenized, and a subsample 
was taken and sieved (< 2 mm) for characterization. Physical 
fractionation was performed by the pipette method (Camargo 
et al., 2009). The soil pH was determined in a 0.01 M CaCl2 
solution at a soil:solution ratio of 1:2.5 (v/v). Chemical 
characterization was performed according to Raij et al. (2001): 
P, Ca, Mg, and K contents were determined by ion-exchange 
resin extraction; organic matter (O.M.) content was determined 
colorimetrically, using sulfuric acid and potassium dichromate 
according to Walkley & Black (1934) with modifications by 
Frattini & Kalckmann (1976); Cd, Cu, Fe, Mn, and Zn contents 
were determined by the DTPA method, at a pH of 7.3 (Abreu 
et al., 1997), using inductively coupled plasma with optical 
emission spectrometry (ICP-OES) [Varian, model Vista – 
MPX]; and the soil acidity (H + Al) was determined by the SMP 
buffer solution method. The physical and chemical attributes of 
the soil used are given in Table 1.
The soil was then incubated in appropriate plastic bags with 
and without dolomitic lime. The amount of lime applied was 
aimed at raising the base saturation to 70%, and soil moisture 
content was maintained at 70% of the maximum soil water 
holding capacity and replenished weekly by weighing. After 
30 days of incubation, the soil pH levels were 4.1 and 6.4 
without and with lime, respectively. Samples of 120 g of soil 
were placed in pots and received Cd solutions (prepared with 
CdCl2, 99% purity) to reach the following final concentrations, 
in mg kg-1: 10, 40, 80, 160, and 320, plus a control treatment 
(without Cd addition). Concentration range was based on 
a past study (An, 2004). Treatments were then left to stand 
for 24 hours before ten seeds of each species were sown per 
pot. Cadmium homogenous distribution was assumed due to 
its high solubility in water and the low contents of clay and 
organic matter, as described by An (2004).  The experiment 
was carried out according to a completely randomized design 
with three replicates. The temperature was held constant at 23 
ºC, light was supplied continuously, and the moisture content 
was maintained at 60% of the soil water holding capacity and 
replenished daily by weighing.
Ten days after sewing, three endpoints were assessed: 
germination and shoot and root growth. Seed germination 
was evaluated as described by An (2004). A seed was 
considered as germinated when shoots were evident above the 
soil surface. Germination rates were calculated by the mean 
of four treatments (0, 10, 40 and 80 mg kg-1), considering 
total germination (10 seeds) as the reference value (100%). 
Germination found in the highest doses of Cd (160 and 320 mg 
kg-1) was not included due to high mortality. Plants were then 
carefully removed from the soil and washed with deionized 
water. The lengths of the seedlings’ shoots and roots were 
measured with a digital caliper rule.
The Lethal Concentration (LC50 - concentration capable of 
causing death -or no germination - to 50% of the population 
exposed) was calculated according to the Trimmed Spearman-
Karber method (Hamilton et al., 1977). In addition, NOEC 
(No Observed Effects Concentration) and LOEC (Lowest 
Observed Effects Concentration) values were calculated for all 
parameters using Dunnett’s test, at p < 0.05 (An et al., 2004; 
Walker et al., 2001). The germination data were transformed 
Property Unit Mean ± SD
Clay g kg-1 49 ± 0.82
Silt g kg-1 25 ± 2.83
Sand g kg-1 926 ± 2.16
pH - 4.1 ± 0.05
Org. Matter g kg-1 11 ± 0.94
P mg kg-1 3 ± 0.47
K mmolc kg
-1 1.4 ± 0.24
Ca mmolc kg
-1 7 ± 0.94
Mg mmolc kg
-1 < 1 ± 0.0
H + Al mmolc kg
-1 13 ± 4.55
CEC mmolc kg
-1 31.4 ± 3.48
Cd mg kg-1 <0.01 ± 0.0
Fe mg kg-1 26 ± 4.09
Mn mg kg-1 1.2 ± 0.05
Zn mg kg-1 0.7 ± 0.05
Cu mg kg-1 0.2 ± 0.08
Table 1 – Physicochemical properties of the test soil used in the study.
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by the equation (x + 2)2, with x as the observed value. This 
transformation was applied to obtain a normal distribution of 
the data and allow statistical analysis. The effect of soil pH 
was assessed by Student’s t-test (p < 0.05) for each species 
and parameter evaluated (germination and root and shoot 
elongation), except when most plants died at the highest 
concentrations. The LC50 was calculated using the Spearman 
program (USEPA, 1999), and other results were evaluated by 
using the R software (R Development Core Team, 2008).
RESULTS AND DISCUSSION
Germination and shoot and root growth varied according 
to the species and the soil pH (Table 2). L. sativa, B. vulgaris, 
and D. carota were the most responsive species to pH 
variation for all endpoints assessed, whereas P. vulgaris and 
the monocotyledon species showed a response to pH variation 
only for seedling growth. At the higher soil pH (6.4), shoot 
and root growth were greater than at the lower pH (4.1) for 
all species evaluated. The exception was T. aestivum, for 
which root growth was unaffected, and also A. strigosa, 
which exhibited an increase only in root growth, suggesting 
that this species has less Cd translocation to shoots, making 
root growth a more responsive endpoint to Cd toxicity. These 
results show that the liming technique greatly attenuated Cd 
toxic effects in all species studied.
Higher phytotoxicity in acidic soils (pH between 4.5 and 
5.5) is due to greater mobility of Cd in soil, which enhances 
plant availability (Gray et al., 1999; Appel & Ma, 2002). 
In addition, the presence of chloride formed by the CdCl2 
solutions added may have played a role in increasing Cd 
uptake. According to McLaughlin et al. (1994), chloride is 
known for significantly reducing Cd sorption to soil particles. 
Cunha et al. (2008) found lower Cd concentration in Z. mays 
shoots after increasing the soil pH from 4.9 to 6.0 by liming, 
and they also verified greater Cd accumulation in the apoplast 
of plants grown in limed soil, which was thought to also 
contribute to diminishing Cd toxicity. Szomolányi & Lehoczky 
(2002) verified a decrease in Cd contents in L. sativa leaves 
in different soils after liming and attributed these decreases to 
increased adsorption of Cd to soil particles. Similarly, Melo 
et al. (2012) observed that liming reduced Cd concentration 
in L. sativa in a medium textured Ultisol, but had no effect 
in a clay-rich Oxisol, demonstrating the importance of clay 
content as well as soil pH for regulating Cd availability to 
plants. Araújo et al. (2002) found a high correlation between 
pH and Cd adsorption, as well as adsorption of other metals, 
in Oxisols. The beneficial effects of liming may be due to 
other factors, notably metal precipitation or complexation and 
competition with Ca2+ for plant uptake (Tlustos et al., 2006; 
Bolan & Duraisamy, 2003).
Table 2 – Comparison of eight plant species for germination and seedling growth in soil contaminated by increasing Cd concentrations at two pH values a.
Species pH (CaCl2)
Germination (%) Shoots (mm) Roots (mm)
L. sativa
4.1 52 ± 7 a 16.2 ± 5.9 a 4.8 ± 2.3 a
6.4 88 ± 8 b 42.6 ± 7.5 b 16.9 ± 3.8 b
B. vulgaris
4.1 63 ± 19 a 18.1 ± 5.2 a 10.9 ± 3.0 a
6.4 98 ± 4 b 35.2 ± 7.9 b 22.9 ± 2.7 b
D. carota
4.1 33 ± 10 a 20.2 ± 7.6 a 13.7 ± 5.5 a
6.4 62 ± 12 b 42.8 ± 7.5 b 27.9 ± 3.6 b
P. vulgaris
4.1 79 ± 9 a 97.5 ± 16.6 a 40.2 ± 12.6 a
6.4 87 ± 2 a 172.2 ± 54 b 82.3 ± 24 b
A. strigosa
4.1 53 ± 19 a 32.3 ± 5.2 a 63.8 ± 1.6 a
6.4 58 ± 3 a 35.2 ± 2.5 a 94.6 ± 7.6 b
O. sativa
4.1 73 ± 18 a 18.0 ± 8.1 a 39.4 ± 1.8 a
6.4 85 ± 4 a 37.34 ± 4.3 b 72.7 ± 8.6 b
Z. mays
4.1 94 ± 8 a 44.0 ± 3.3 a 132.8 ± 6.5 a
6.4 98 ± 3 a 70.9 ± 6.1 b 165.2 ± 8.6 b
T. aestivum
4.1 78 ± 18 a 24.9 ± 3.9 a 98.2 ± 4.2 a
6.4 86 ± 6 a 37.7 ± 1.4 b 135.7 ± 6.4 a
a Percentage of germination are means from treatments: 0, 10, 40 and 80 mg kg-1 Cd, germination of all seeds per treatment (n=10) was considered as 100%. 
Germination and growth data for treatments with 160 and 320 mg kg-1 Cd were not included due to high mortality rates. Different letters correspond to 
significant differences between only two means, related to pH values (in each species line), by Student’s t-test (p < 0.05)
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With respect to the different responses among the studied 
species, in L. sativa and A. strigosa seeds there was a fourfold 
increase in LC50 values as a result of raising the soil pH, while 
for Z. mays seeds, there was a twofold increase (Figure 1). 
At both pH levels, the species that was most sensitive to Cd 
was D. carota, and the least sensitive species was Z. mays. 
Overall, the dicotyledonous species were less tolerant to Cd 
toxicity than the monocotyledons, indicating that the LC50 
is influenced by the genetic characteristics of each species 
or group and the soil attributes that affect metal availability 
(Smolders et al., 2009). The effects of metals on the seed 
germination of different plants also depend on interspecies 
differences in seed structure, particularly seed coats since they 
have a wide range of anatomic forms that exist in no other 
plant organ or tissue (Wierzbicka & Obidziniska, 1998).
Gong et al. (2001) also observed differences among plants 
in their response to Cd phytotoxicity, and that germination and 
biomass production were less sensitive to Cd for P. vulgaris and 
A. sativa than for Brassica rapa (turnip) and Lepidium sativum 
(cress). Cadmium sensitivity can even vary among varieties of 
the same species, primarily reflecting differences in element 
transport within the plant, as seen in Oryza sativa (Lai et al., 
2009) and Noccaea caerulescens (Whiting et al., 2000).
Seedling growth proved to be a very sensitive endpoint 
and also proved to be responsive to increases of Cd in soil, 
especially in the acidic soil (pH 4.1) (Figure 2 and 3). Shoot 
and root lengths were negatively affected by Cd in soil and 
were directly related to its concentration and availability. 
Cd has no known role in higher plants, however, because its 
uptake is not regulated by physiological limits (plant demand), 
increasing Cd concentrations in soil leads to increasing uptake 
and toxicity (Smolders & Mertens, 2013) and sometimes 
following a linear pattern (Guerra et al., 2014).
The dicotyledonous species exhibited differences from 
the control treatment for the lowest Cd concentration applied, 
of 10 mg kg-1 (L. sativa and B. vulgaris), and for the next 
concentration, 40 mg kg-1 (D. carota and P. vulgaris), in the 
soil with pH of 4.1 (Figure 2). Above the concentration of 
40 mg kg-1 at pH 4.1, there was complete mortality of D. 
carota. The higher pH level led to greater shoot growth for 
these species (Figure 2), most likely as a result of reduced Cd 
availability or an increase in the concentration of Ca2+ caused 
by liming, which enhances plant tolerance because Cd and Ca 
compete for the same adsorption sites in roots (Guo et al., 
2011). Thus, raising soil pH by liming, along with another 
treatment such as the addition of nanoparticles (Fe3O4 or 
α-Fe2O3) or biochar, might be useful techniques in alleviating 
Cd phytoxicity in soils (Bian et al., 2014; Wang et al., 2012).
Higher tolerance of monocotyledons at the higher soil 
pH level was confirmed (Figure 3). However, a comparison 
of the growth of dicotyledons and monocotyledons showed 
that the latter group was less sensitive to the increases in Cd 
concentrations in the soil. A study by Baderna et al. (2015) 
also suggested higher sensitivity in dicotyledonous species 
(cucumber and cress) to toxic elements such as chromium 
and mercury than a monocotyledon (sorghum), nevertheless, 
none of these species presented Cd toxicity at the range of 
concentrations used: 0-10 mg kg-1 (NOEC).
Figure 1 – Cd concentration in soil causing 50% inhibition of germination in 
eight different plant species at two pH levels. Values represent the mean ± 
standard deviation (n=3). Dicotyledons are on the left side of the dotted line 
and monocotyledons on the right side.
Figure 2 – Shoot growth (length) of four dicotyledenous species, presented 
as a percentage of the mean of the control (no Cd), for soil at pH 4.1 or 
6.4. Bars represent the standard deviation of the mean (n=3). * indicates 
the first concentration to differ from control treatment (LOEC), by 
Dunnett’s test (p < 0.05).
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Cadmium is known to affect the activity of the 
photosynthetic enzyme Rubisco (Ribulose 1,5 bisphosphate 
carboxylase/oxygenase), causing adverse effects, as seen 
in lettuce (Dias et al., 2013). However, Z. mays (Figure 3) 
possesses a C4 photosynthetic system, which allows greater 
biomass production and more rapid development because 
of the enzyme phosphoenolpyruvate carboxylase (PEPC), 
which is also known to attenuate oxidative stress caused by 
toxic metals such as Cd (Srivastava et al., 2012), and such 
characteristics may contribute to the higher tolerance of this 
species. It is possible that the higher tolerance to Cd shown 
by the other monocotyledon species studied is related to the 
presence of the PEPC enzyme in these species: even though 
they have a C3 cycle, they possess PEPC with structures very 
similar to those found in Z. mays. Such explanation is based 
on information described by Matsuoka & Hata (1987) that 
identified, by peptide mapping, similarities among PEPC 
subunits of O. sativa, T. aestivum and Z. mays.
The calculated LOEC and NOEC index values for all 
eight species studied are shown in Table 3. Regardless of the 
species, both parameters were higher at pH 6.4 than at pH 4.1, 
reflecting decreased Cd availability and other effects of liming 
discussed previously.
For all species except D. carota, germination had higher 
LOEC values than shoot or root growth, suggesting lower 
sensitivity to Cd toxicity, which means that only assessing 
germination may underestimate Cd toxicity (Figure 4). 
Zayneb et al. (2015) also observed similar effects in fenugreek 
(Trigonella foenum-graecum), in which germination was a 
less sensitive endpoint compared to seedling growth. Studies 
have shown that seed coats are effective barriers to metals and 
can prevent contamination of embryos until the seed coat is 
torn apart by the germinating embryonic root (Munzuroglu 
& Geckil, 2002). This protective effect would enhance Cd 
tolerance and also explain the differences among species that 
vary in seed size, coat, endosperm etc. For instance, in a study 
with different Vicia faba cultivars, Rahoui et al. (2008) found 
that a longer delay in germination due to Cd toxicity was 
correlated with the decrease in the availability of amino acids 
and sugars in the reserve tissues.
The sensitivity of seedlings to Cd toxicity is likely related 
to their vulnerability to water stress, since Cd is known to 
affect the permeability of cellular membranes (Benavides et 
al., 2005; Nagajyoti et al., 2010). This effect is consistent 
with a study by An (2004), which showed germination of Z. 
mays, Cucumis sativus, T. aestivum and Sorghum bicolor to 
be a less responsive endpoint for assessing Cd toxicity in soil, 
as compared to shoot and root growth. Similar findings have 
been reported for other species (Gong et al., 2001; Luan et 
al., 2008).
Table 3 – Lowest Observed Effect Concentration (LOEC) and No Observe 
Effect Concentration (NOEC) indexes for Cd in eight plant species grown in 
soil at two different values a.
a Indexes determined by Dunnett’s test (p < 0.05) between each Cd treatment 
and the control. n.s.: no differences from control, indexes not determined.
Species Index
Soil pH
4.1 6.4 4.1 6.4 4.1 6.4
Germination Shoots Roots
L. sativa LOEC 40 160 10 40 10 80NOEC 10 80 0 10 0 40
B. 
vulgaris
LOEC 40 160 10 80 40 160
NOEC 10 80 0 40 10 80
D. carota LOEC 40 80 40 320 40 160NOEC 10 40 10 160 10 80
P. 
vulgaris
LOEC 160 160 40 80 40 80
NOEC 80 80 10 40 10 40
A. 
strigosa
LOEC 40 n.s. 160 160 160 160
NOEC 10 n.s. 80 80 80 80
O. sativa LOEC 80 320 80 320 80 320NOEC 40 160 40 160 40 160
Z. mays LOEC 160 320 160 80 80 160NOEC 80 160 80 40 40 80
T. 
aestivum
LOEC 80 320 80 160 80 160
NOEC 40 160 40 80 40 80
Figure 3 – Shoot growth (length) of four monocotyledenous species, 
presented as a percentage of the mean of the control (no Cd), for soil at pH 
4.1 or 6.4. Bars represent the standard deviation of the mean (n=3). Asterisk 
indicates the first concentration to differ from control treatment (LOEC), by 
Dunnett’s test (p < 0.05).
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Toxicities tend to be more pronounced for seedling roots 
than shoots, owing to more immediate contact with the 
soil source of toxicity (An, 2004). However, for L. sativa, 
B. vulgaris, and Z. mays, there were higher LOEC values 
for roots than for shoots, which means that roots were less 
affected by Cd, possibly because of higher translocation of 
this metal to the shoots during initial development or simply 
because the root tissue is indeed more tolerant. In a study by 
Whiting et al. (2000) with two varieties of N. caerulescens 
grown in Cd-contaminated soil, dry matter production or root 
length did not differ significantly despite a 25-fold difference 
in the Cd contents of the shoots. Such findings suggest that 
both immobilization and translocation can promote Cd 
tolerance in roots, and emphasize the importance of genotypic 
variations in Cd uptake, transport, and accumulation in shoots 
for explaining species and varietal differences in Cd tolerance 
(Hall, 2002).
CONCLUSION
Seedling growth of shoots and roots is a responsive 
endpoint for Cd ecotoxicological risk assessments with 
O. sativa, A. strigosa, T. aestivum, Z. mays, L. sativa, B. 
vulgaris, D. carota, and P. vulgaris. These assessments 
should be carried out using dicotyledenous species (e. g. L. 
sativa and B. vulgaris) at soil with Cd concentrations lower 
than 80 mg kg-1, whereas monocotyledons, which generally 
presented higher tolerance to Cd, are more appropriate for 
higher concentrations. Increasing the pH by liming can be an 
effective method to alleviate Cd toxicity.
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